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Introduction
Very important attention has been devoted in the last two decades to the study of nanocrystalline Fe-based alloys due to their outstanding soft magnetic properties at room temperature [1] . The responsible for the ultrasoft magnetic properties (low coercivity of about ~1 A/m and high susceptibility of about ~10000) exhibited by these alloys is their characteristic two-phase microstructure. This microstructure consists of ferromagnetic nanocrystals of an -Fe type phase (~10 nm in size) embedded in a residual amorphous phase, also ferromagnetic but with a lower Curie temperature. This specific configuration yields an averaging out of the magnetocrystalline anisotropy [2] .
On the other hand, the magnetoelastic anisotropy can be minimized when the magnetostriction of the crystallites and that of the residual amorphous matrix are of different sign. The very small size of the crystallites provokes that an important amount of atoms are located at the boundary between the amorphous and the crystalline phases.
amorphous and interface regions is ambiguous and thus overlapping between them was allowed in the fitting process. In the following, results will be given as the average between these two contributions as amorphous+interface contribution. In this work, MS spectra with crystalline sites contribution,
SITE C
A , below 10 % do not allow a precise study of the crystalline contribution (H, I, SITE C A ); these spectra were fitted using only one distribution of H and one crystalline site. In all the studied cases, the quadrupolar splitting was negligible.
X-ray diffraction (XRD), using Co-K radiation, was performed on as-cast and annealed samples in order to determine their microstructure. Saturation magnetization, M S , measurements were performed in a vibrating sample magnetometer (VSM) system applying a magnetic field of 0.5 T.
Results and discussion

Mössbauer spectrometry
Figures 1 shows the MS spectra of every as-cast and annealed samples of each studied alloy. The amorphous+interface and the crystalline contributions are shown along with the total fitting plot and the experimental data (circles). Figure 2 shows the thermal evolution of the probability of hyperfine fields, P(H), for each studied alloy. Table 1 summarizes the results obtained after the fitting of the MS spectra.
Amorphous samples
The MS spectra of as-cast and annealed at 698 K samples show typical features of amorphous, as could be expected from the crystallization onset temperature of the studied alloys (in the range 737-783 K [10] ). In such cases (squares and crosses plots in figure 2 ), the MS spectra were fitted using a single distribution of sextets. The main difference between the as-cast and structurally relaxed amorphous samples is observed in the parameter R 23 , which is the intensity ratio between the second and third lines of the sextets used to fit the spectrum. This parameter is related to the angle between the magnetic moments and the incident  radiation, , as:
After annealing at 698 K, structural relaxation occurs, yielding a decrease of the magnetic anisotropy due to the release of internal stresses. This is in agreement with the evolution of the magnetic moments orientation, turning out of plane, as can be seen in No difference can be detected between the P(H) plots of as-cast and annealed at 698 K samples for the same composition. These plots can be described as two overlapped peaks (bimodal behaviour): one, almost independent of the composition, is centred around 10 T, whereas the other peak maximum shifts from 17 to 27 T as Co content increases in the alloy. This bimodal character and a similar compositional dependence were also observed for other Co containing amorphous Fe-based alloy series [11, 12] . The high H region of the distributions must be due to Fe surrounded by Fe and Co atoms, preferentially. The low H values must be ascribed to Fe with some non magnetic atoms as nearest neighbour.
The P(H) curve of the amorphous samples can be fitted using two Gaussian functions. It can be observed that the area of the first peak is about 10 % of the whole area for the alloys with 0 and 5 at. % of Co, but it decreases down to 5 % for Co20Ge5 alloy. The lower mixing enthalpy of Co with Zr than Fe with Zr (-41 and -25 kJ/mol, respectively) [13] would favour the preferential formation of Co-Zr environments with respect to the Fe-Zr environments. Therefore, although the concentration of Zr is constant in the studied series, the probability of Fe atoms with Zr neighbours will decrease as Co content increases in the alloy and this effect becomes evident for 20 at.
% of Co.
A clear increase of the average hyperfine field of the amorphous system, <H> A , can be observed as the Co content increases in the alloy. However, the partial substitution of 5 at. % of Ge for B shows no effect on this parameter.
Nanocrystalline samples
For annealing temperatures equal or higher than 748 K, it is possible to observe the presence of high field contributions, which can be fitted using a discrete number of sextets and can be ascribed to the formation of the -Fe type phase. [10] ). In fact, the isothermal annealing reduces the onset temperature with respect to non-isothermal treatments. The XRD data that will be shown in the next section confirm the composition and thermal changes in crystalline fraction.
The MS spectra of nanocrystalline samples are more complex than those of the fully amorphous samples. In the cases in which the crystalline contribution is clearly observed (
SITE C
A >10 %), the average hyperfine field of the discrete sextets (crystalline sites contribution) is constant. Figure 3 The average value of the hyperfine field of the crystalline sites, <H> C , for Co20Ge5 alloy is slightly smaller than that of -Fe 80 Co 20 (36 T [14] ), which could be justified by the presence of a small amount of Ge inside the nanocrystals [15] , as it was shown previously [10] .
In the case of the amorphous+interface contribution to the P(H), values in the range between 10 and 25 T progressively decrease as the annealing temperature increases, although the low and high fields contributions do not. This is also reflected in the thermal evolution of the average values of H below and above 20 T (see figure 3 ).
Specifically, for Co0Ge0 alloy, new contributions, absent for amorphous samples, appear above 30 T, which can be ascribed to the formation of an interface region. This interface region would be formed by Fe atoms at the boundary of the nanocrystals. The hyperfine field of these atoms decreases with respect to that of the Fe atoms inside the nanocrystals by the presence of non magnetic atoms as nearest neighbours.
During the fitting, it is always possible to use more discrete sextets overlapping with the hyperfine distribution, which, in fact, is formed by a series of correlated discrete sextets. Therefore, it is convenient to assume some restrictions in the fitting in order to avoid this ambiguity. The continuous distribution of hyperfine fields was limited to 32 T and the discrete sextets were fitted only with values of H higher than this limit. The goodness of this hypothesis will be tested in the following sections. In fact, Zr and B are rejected from the -Fe lattice. Therefore, for Co0Ge0, the -Fe phase must be fitted using only a sextet with H=33 T. The presence of Ge inside the nanocrystals must be reduced as far as this element preferentially partitions to the amorphous matrix [6, 10] and the presence of Co increases the hyperfine field [14] . Therefore, a priori, this lower limit to the crystalline site contributions is not so strong. Other systems, such as FINEMET-type alloys (FeSiNbBCu composition), develop a crystalline -Fe(Si) phase with lower H values of its crystalline sites, due to Si dissolved in the -Fe phase.
Therefore, the interface contribution could not be decoupled from low H crystalline sites, as can be done in the system object of this study [16] .
The average isomer shift values of the crystalline contribution are close to that of pure -Fe for the Co0Ge0, Co5Ge0 and Co5Ge5 alloys and slightly higher for the alloy with Co20Ge5. The observed values are consistent with the previously proposed compositions [10] , considering the effect of Co [14] and Ge [15] in the -Fe phase and the error bar of our experiments.
As it can be observed in table 1, the angle between the hyperfine field and the -radiation is larger for Co20Ge5 alloy than for the other three alloys. This nanocrystalline alloy shows higher coercivity (~40 A/m) than the other studied alloys (~10 A/m) [10] , indicating a higher magnetic anisotropy.
Comparison with X-ray diffraction
Amorphous character of as-cast samples was checked by XRD. From MS results it could be found that nanocrystalline microstructure is developed in all the studied alloys after annealing at 748 K (as an example, XRD patterns for Co5Ge5 alloy are shown in figure 4 ). However, XRD pattern could not detect the small amount of -Fe formed in Co0Ge0 and Co5Ge0 alloy samples annealed at that temperature. Therefore, MS showed to be more sensitive than XRD in the detection of small crystalline fractions. This occurs in the studied alloy series because the external lines of the crystalline contribution in MS do not overlap with the amorphous contribution allowing a good resolution of the small crystalline peaks unlike for FINEMET-type alloys [16] .
XRD patterns of all the studied alloys annealed at 798 and 873 K as well as of derived from MS) and X C (the crystalline volume fraction, derived from XRD) for each alloy. These two magnitudes can be linked. If the difference in density of the amorphous and nanocrystalline samples is neglected, X C can be written as:
where N C is the number of atoms in the crystalline phase and N T is the total number of
is the average atomic volume of the crystalline phase and
is the average atomic volume of the whole material.
On the other hand:
where A C is the fraction of Fe atoms in the crystalline phase, considering the contribution of the atoms at the interface,
INT C
A , which, in fact, do contribute to the Xray diffraction, as these atoms are located in the crystalline lattice; C can be estimated from previous results [10] . Therefore, from the above expression it can be estimated the thickness of the interface, t. Table 3 summarizes the results obtained from (6) . For Ge containing alloys, two limit cases were considered: 0 % Ge and 5 % Ge inside the nanocrystals. The value of t does not significantly change between these two cases.
For Co0Ge0, Co5Ge0 and Co20Ge5 alloys, the value of t is approximately 0.6 nm, which roughly correspond to 2-3 atomic layers. This result is physically meaningful as far as the Zr atoms are expected to pile up at the nanocrystals boundary and it is not surprising that this high concentration of Zr affects the Fe atoms in a layer of 0.6 nm (practically only nearest neighbour and next nearest neighbour shells would affect H).
However, the Co5Ge5 alloy shows a higher value of t. This could be due to an underestimation of the crystalline sites contribution which was restricted to values of H >32 T. If some Ge atoms were dissolved into the -Fe phase, and considering the low content of Co, it is possible to have crystalline sites with H<33 T [15] and which were fitted by the continuous distribution of hyperfine fields. In the case of Co20Ge5 alloy, the high content of Co yields to higher H values for the crystalline sites of Fe atoms. Figure 6 shows the average value of hyperfine field as a function of < TM >. A clear linear correlation can be observed between these two magnitudes for all the studied samples.
Comparison with saturation magnetization measurements
Although similar linear correlations have been reported for amorphous and crystalline alloys [11, 20] , it is worth noticing that, in this study, the linear correlation between <H> and < TM > is observed for systems with different amount of crystalline and amorphous phases, characterized by the value of X C . Figure 7 clarifies this point.
This figure shows that both magnitudes <H> and < TM > show very similar evolution with the crystalline volume fraction, which might cancel the dependency on this parameter in the plot of figure 6.
From figure 7, a linear relationship between < TM > and X C can be approximated for each composition. The average magnetic moment per atom, <>, takes into account those which are not transition metal atoms and can be divided in two contributions:
amorphous and crystalline phase as:
where <> C and <> A are the average magnetic moment per atom in the nanocrystals and in the amorphous matrix, respectively. The composition of the crystalline phase can be considered constant along the nanocrystallization and, in Ge free alloys,
where < TM > C is the magnetic moment per transition metal atom (Fe and Co) in the crystalline phase. However, as nanocrystallization progresses, the concentration of Fe, and thus of transition metal, is reduced in the amorphous matrix so <> A can not be considered constant as X C increases. Nevertheless, this magnitude can be expressed as a function of the magnetic moment per transition metal in the amorphous matrix, < TM > A as:
where
C are the concentration of transition metal in the amorphous matrix, the nanocrystals and the whole system, respectively.
Taking into account that
and combining equations (7) and (8), it is possible to write:
where the Ge content inside the nanocrystals has been neglected, resulting in C TM C =1, which is only an approximation for Ge-containing alloys. However, as in this study no difference can be observed between Co5Ge0 and Co5Ge5 alloys, the effect of this approximation seems to be smaller than the error bar. 
Conclusions
Mössbauer spectrometry was used in combination with X-ray diffraction and saturation magnetization measurements in order to explore the effect of partial substitution of Co for Fe and Ge for B in a Fe-Zr-B-Cu alloy series.
The nanometer size of the crystallites provokes the formation of three regions observed by Mössbauer spectrometry: amorphous matrix, interface and crystalline region. In this study, interface region has been considered formed only by those Fe atoms in the crystalline lattice which magnetically feel the presence of non-magnetic atoms outside the nanocrystals.
Combination of MS and XRD technique yields an estimation of the interface thickness as 0.6 nm (2-3 atomic layers).
Combination of MS, XRD and saturation magnetization measurements yields an estimation of the evolution of the magnetic moments in the amorphous and crystalline phases. Table 3 . Estimation of the interface thickness from expression (6) . Journal of Alloys and Compounds. Vol. 422. Núm. at. % of Co
